Experiments were made using imperfect pulses at low Reynolds numbers to study mass transfer behaviour in packed beds. Twotypes of measurements were devised: those using non-porous particles coated with a thin liquid film of methyl silicone, and those using porous alumina particles. With the non-porous particles, a series of runs at Reynolds numbers ranging from about 0.025 to 0.25 gives conclusive evidence of a limiting Sherwood number of about 2. With the porous particles, mass transfer coefficients could not be measured. An effective diffusivity was measured, but its dependence on velocity in the bed at low Reynolds numbers suggests that the Kubin-Kucera model maybe an inadequate description of the bed under these conditions.
Introduction
In a recent survey of the application of pulse chromatographyto the measurement of kinetic and transport properties in packed beds, Gangwal et al.3) demonstrated that for low Reynolds numbers fluidparticle mass transfer coefficients could not be measured when porous particles are used because the external transport resistance is overpowered by resistances arising from internal diffusion. Even studies using particles of very high internal porosity to reduce this problem27) were found to be flawed because a significant portion of the flow occurs through the catalyst particle and not between particles. All recent measurementsof fluid particle masstransfer employing pulse techniques have utilized porous solids, so that published coefficients (as Sherwood number, NSh) are doubtful.
It has been argued that heat transfer measurementscould be used to predict mass transfer results, but interpretation of pulse measurements designed to estimate heat transfer coefficients are rendered uncertain by the difficulty of predicting axial conductivity in packed beds.26 ' 28) In view of this situation, our objective in this study was to measure fluid-particle mass transfer coefficients at low Reynolds numbers employing coated solids. Absorption replaces adsorption and if the coating is thin enough, internal diffusion can be made negligible.
No attempt will be made in this contribution to review the massive literature on masstransfer coefficients at low Reynolds numbers. Suffice it to say that a controversy exists as to whether the Sherwood Received October 2, 1982 . Correspondence concerning this article should be addressed to P. L. Silveston. A. J. Kehinde is nowat Dept. ofChem. Eng., Univ. ofLagos, Lagos, Nigeria.
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NO. 6 1983 number approaches a lower limiting value as the Reynolds number goes to zero or continues to de- crease. The subject has been reviewed previously by Afurther set of measurementswas madewith a 10.0cm test bed length using nearly spherical activated alumina pellets (dp=0.1mm). Helium was the carrier gas and nitrogen the tracer. The purpose of these experiments was to compare estimates of the mass transfer coefficient obtained with porous and non-porous particles under otherwise identical experimental conditions. The internal diffusivity was also determined from this latter set of measurements.
The measurement technique and extraction of parameters through the bed models is identical to that described by Kehinde et al.13 ) Most of the experiments on the coated pellets were performed with benzene as the tracer and helium as the carrier gas, whereas in our companion paper,13) benzene was used only in a few studies. Some additional experiments employed^-heptane in place of benzene. Bed Model The use of coated particles requires a small modification of the bed model which we employed for data 484 reduction. Equation (1) becomes:
For the methyl silicone film, a balance gives
The solution of these equations may be readily obtained by Laplace transforms. It is most conveniently stated as the transfer function:
Moments can be found through derivatives as described in the literature. 4'8) For those experiments madewith porous particles, Eq. (1) given by Kehinde et al.13) must be replaced by two balances, one for the bed and the second for the particles:
These equations are linked through mass transfer at the particle boundary:
The boundary conditions for the bed were, of course, those given by Kehinde et al.13) They must be Supplemented, however, by a set for the particles, namely:
The transfer function for this system can be expressed close agreement of coating thicknesses (Lf) obtained
with the values estimated from liquid loading given in the previous section. Replicate measurements, furthermore, gave parameters which are essentially identical.
Measurements of SherwoodNumberParticles
Values of NShderived from measurements with benzene (tracer) and helium (carrier gas) are shown in However, the change ofNsh in each set is smaller than the vertical spread of the total data. Becuase of the contradiction, we attribute these trends to secondorder transport effects within the liquid films and conclude that the influence of film thickness is unimportant.
Examination of data points for different temperatures in Fig. 2 shows that NSh increases with temperature at any value of the Reynolds number. However, these increases are small. Anattempt wasmadeto eliminate the temperature dependence by replotting the mass transfer data as NSh/Nyc3versus NRe. This transformation is suggested by correlations for single particles by Ranz and Marshall19) and for packed beds by Wakao and Funazukuri25) (see Table 1 ). Unfortunately, the data at different temperatures are not brought together in this plot, and indeed the separation increases rather than narrows. The explanation is that data have been taken in a region where the Reynolds number contributes little to the mass transfer coefficient. For an isolated single particle, the Sherwood number should be independent of temperature and therefore of the Schmidt number. A further experimental set of four points was taken using rc-heptane in place of benzene as the tracer and employing 0.2 wt%liquid phase and a temperature of 45°C. The effect of this change is to reduce the binary diffusivity from 0.41 cm2/s to 0.31 cm2/s. The partition coefficient was found to be slightly lower. Thê -heptane measurements show that the Sherwood numbers were in the 2 to 20 range, but a strong influence of Reynolds number appears. Correlation of film thickness with the Nsh leads us to believe that the data are unreliable. The same set of experiments was carried out using nitrogen in place of helium as the carrier gas, but retaining benzene as the tracer. Binary diffusivity became 0.10cm2/s, but the partition coefficient was unchanged. Although Sherwood numbers were found to range from 12 to 24, correlation, between NRe, NSh and film thickness was seen, so the measurements were assumed to be unreliable. Sherwood number decreased by a factor of about 2 over the range of Reynolds number used. Although it is well established that the carrier gas affects parameters measured by chromatographic techniques,15) the tenfold difference seen with a change of carrier is much too large to be attributed to this cause. Despite the curious differences that arise when the carrier and tracer gases are changed, we conclude that a limiting Sherwood number must exist and that its probable value is around 2.
Measurements of Sherwood Numbers with Porous Particles
The alumina used in the mass transfer experiments for porous particles was an Alcoa activated alumina F-l. The material is highly reproducible. Its porosity is 0.564 and its specific surface area is 250m2/g.12)
Using the pore volume, it is possible to calculate a mean pore radius which, according to Satterfield, 20) is small enough to mean Knudsen diffusion will predominate under the operating conditions employed.
At 45°C, the Knudsen diffusivity is 10~2cm2/s. A conventional model for effective diffusivity with this monodispersepore-size alumina predicts an effective diffusivity of about 0.003cm2/s, using a measured internal porosity of 0.56 and assuming an internal tortuosity of 2. They demonstrated that large Sherwood numbers have no effect upon the residual error but as the Sherwood number decreases, the error rises sharply. Identifying the point at which the error starts to increase provides an estimate of the probable Sherwood number. For these experiments with alumina, the values are shown in Fig. 3 . Although the points show very little scatter, the Sherwoodnumbers appear to be an order of magnitude too high. Obviously the technique of estimating the probable Sherwood number is not very sensitive.
Measurement of Effective Diffusivity
An effective diffusivity can be determined readily JOURNAL OF CHEMICAL ENGINEERING OF JAPAN Fig. 3 . Sherwood number versus Reynolds number; NSh estimated from residual error; 10-cm column, particle diameter=0.7 mm, sp=0.564; N2 tracer in helium carrier.
from the porous alumina data discussed in the previous paragraph. Experimental results are shown in Fig. 4 . The figure shows a velocity dependence, which is difficult to explain. However,the trend has been reported by other authors using dynamic methods.
What we see in the figure is a two-fold increase in effective diffusivity over a nearly a three-fold increase in velocity. Boersma-Klein and Moulijn^obtained a 50 percent increase in internal diffusivity over a twofold increase in velocity. In another study Hsu and Segregation of the data with temperature can be seen in Fig. 4 . This is to be expected. The rather small change in DeHfor a 74°C temperature change points to a transport process rather than activated diffusion. Using Deff values from Fig. 4 with the porosity of the alumina and the Knudsen diffusivity results in a tortuosity ranging from about 0.1 to 0.2. 
Discussion
In Table 1 Funazukuri.25) The model assumes that at very low Reynoldsnumbersmass transfer to particles in a bed is identical to mass transfer to single particles.
In Fig. 5 the data collected in this study are compared to the correlations.
Only the correlations due to Gunn6) Wakao and Funazukuri25) and Ranz and Marshall19) are shown. It can be seen that the last two agree well with the experimental measurements. Since they are so similar, there is no way that we can distinguish between the correlations on the basis of the data. The data presented here represent the most substantial set at low Reynolds numbers in the literature.
They confirm the presence of a limiting Sherwood number.
The somewhatsurprising result that this limit appears to be the same as that with a single sphere might suggest that the packed bed model, now widely used, is satisfactory at low flows. This model assumes in its structure that each particle in the bed behaves as an isolated particle fully bathed by the flowing fluid. Yet, problems remain with this model. Certainly the most serious of these problems is that the effective diffusivity appears to become a function of the Reynolds number as the latter falls below 1; this is physically untenable. Of course, the idea that a particle in a bed can be represented by an isolated particle makes little sense. The particle within a bed sees a fluid flow pattern distorted by neighboring particles, and particles in contact must block off regions of the surface from mass transfer. Although we believe the question of a limiting Sherwood number is now resolved, the question of how to model packed beds at very low flows still remains. Howserious this problem is remains unclear. It is evident that masstransfer to particle surfaces can never be a rate controlling step whenporous catalysts are used under industrial conditions. On the other hand, in laboratory reactors, where fine particles are used to minimize transport resistance, the model question seems to be a serious one. Hudgins10) has attributed the failure of the diagnostic tests for interphase mass transfer influences on Kinetics to the inadequacy of the model at low Reynolds numbers. Literature Cited
